Polydopamine (PDA) functionalized NH 2 -MIL-53(Al) nanoparticles (NH 2 -MIL-53(Al)@PDA NPs) were successfully prepared by a facile in-situ polymerization method for the first time and characterized by various methods, including transmission electron microscopy (TEM), scanning electron microscopy (SEM), Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD) analysis, and Brunauer-Emmett-Teller (BET) analysis. The prepared NH 2 -MIL-53(Al)@PDA NPs were used to remove cationic dyes crystal violet (CV) and malachite green (MG) from aqueous solutions. The maximum removal efficiency of NH 2 -MIL-53(Al)@PDA NPs for CV and MG reached 95.94% and 77.88% at pH 10.0 and 8.0, respectively. Compared with NH 2 -MIL-53(Al), NH 2 -MIL-53(Al)@PDA NPs showed better adsorption capacity and removal efficiency. The adsorption of cationic dyes on NH 2 -MIL-53(Al)@PDA NPs might be attributed to hydrogen bonding, electrostatic, and π-π interactions. The results indicate that pseudo-second-order models and Freundlich isotherm are a better fit for CV and MG adsorption. Adsorption thermodynamic tests showed that the adsorption was spontaneous, irreversible, and endothermic. NH 2 -MIL-53(Al)@PDA NPs can be used for five times with no loss in absorption efficiency.
Introduction
With extensive release of industrial effluents, organic dyes have been identified as harmful pollutants in the environment. Because of high toxicity, organic dyes pose a risk to aquatic ecosystem [1, 2] . The colorful wastewater prevents the penetration of sunlight to rivers and lakes, thus reducing the photosynthesis of algae in water and affecting the activities of aquatic organisms [3] . Because of carcinogenic, teratogenic, and mutagenic characteristics, the dye pollutants also pose health risk to humans [4, 5] . As common triphenylmethane type cationic synthetic dyes, crystal violet (CV) and malachite green (MG) (Fig. 1 ) are widely used in industries and medical products [6, 7] . To reduce the exposure risk of organic dyes in environment and human population, removal of organic dyes from wastewater has become one of the top priorities.
Various techniques and methods have been used to remove organic dyes from aqueous solutions, such as adsorption, coagulation, flocculation, electrolysis, membrane separation, and biological oxidation [8] [9] [10] [11] . In particular, the adsorption techniques have received much attention because of their low cost, simple operation, high efficiency, and environment-friendly characteristics [12] . Recently, different types of adsorbents such as clay minerals, carbon-based materials, magnetic materials, polymers, metal oxides, and metal-organic frameworks (MOFs) have been developed and used to remove organic dyes from contaminated water [13] [14] [15] [16] . In particular, MOFs are a class of crystalline materials comprising of metal ions or metal clusters connected with organic ligands [17] . Compared with conventional porous materials, MOFs emerged as a novel class of nanoporous solids because of their easy tunability of pore size and shape, high thermal and mechanical stabilities, open metal sites in the skeleton, and high surface areas [18] [19] [20] . MOFs have been extensively applied in many field operations, such as gas storage and separation, catalysis, purification, sensors, drug delivery, and adsorption [21] [22] [23] [24] [25] [26] .
Among numerous MOFs, unlike zeolite-related inorganic hybrid materials, the synthesis of MIL series materials does not need an organic or inorganic template [27] . Rather, MIL can be combined with trivalent metal cations in the field of metal carboxylates and has special characteristics such as hydrothermal stability and a large surface area [28] . Because of these advantages, MIL has been widely used to remove dye pollutants in water. For example, g-C 3 N 4 /MIL-125(Ti) nanocomposites showed excellent photocatalytic performance for Rhodamine B degradation [29] . MIL-100(Fe) nanoparticles (NPs) were used for the adsorption of MG in aqueous solutions [30] . MIL-53(Cr) and MIL-101(Cr) were grafted with ethylenediamine for methyl orange (MO) adsorption [31] . MIL-53(Al) and mesostructured MIL-53(Al) showed a higher efficiency for the removal of bisphenol A (BPA) [32] . As a member of the MIL family, MIL-53(Al) has also attracted much attention because of its special property such as the breathing effect. In MIL-53(Al) NPs, the water molecules were connected to the skeleton by hydrogen bonding. When interacting with polar molecules, the channel is contracted or expanded owing to strong electrostatic interaction [33] . This has stimulated extensive studies, mainly focusing on the adsorption and separation properties of gas. Compared with MIL-53, NH 2 -MIL-53(Al) can be used to modify -NH 2 groups as an organic ligand. NH 2 -MIL-53(Al) forms hydrogen bonding with -OH groups on the skeleton and bridging oxygen atoms [34] , enabling NH 2 -MIL-53(Al) to better disperse and easily functionalized. Thus, modified NH 2 -MIL-53(Al) has a good potential for applications in the reduction and removal of dye pollutants in aqueous solutions.
There is a growing interest in modifying MOFs with polymers because of the control of morphologies and designation of functional groups on the surface of MOFs NPs [35] . Studies have been also focused on polydopamine (PDA) because of its unique adhesion capability, forming a stable shell through an in-situ polymerization reaction without surface pretreatment. Abundant amino groups, hydroxyl groups, and benzene rings of PDA enhance its adsorption capacity for some pollutants in aqueous solutions [36] . Some other NPs coated with PDA have been used in the treatment of water pollutants. Dong et al. [37] designed a series of sub-nano thick polydopamine layer coated graphene oxide (PD/GO) and found that the synthetic material can selectively adsorb Eschenmoser structure dyes and heavy metal ions (Pb 2+ [38] .
In this study, NH 2 -MIL-53(Al)@PDA NPs were obtained by grafting PDA on the surface of NH 2 -MIL-53(Al) through in-situ polymerization. The product was characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD) analysis, Fourier transform infrared (FT-IR) spectroscopy, Brunauer-Emmett-Teller (BET) analysis, and zeta potential analysis. NH 2 -MIL-53(Al)@PDA NPs were used to remove cationic dyes such as CV and MG. The influencing factors of adsorption, including reaction time, pH, and temperature, and adsorption properties such as adsorption kinetics, adsorption isotherms, adsorption thermodynamics, and ionic strength were measured. The adsorption mechanism and regeneration of NH 2 -MIL-53(Al)@PDA NPs were also investigated. 
Experimental methods

Materials
Characterization
The morphology, shape, and size of the prepared NPs were measured using TEM (TECNAI G 2 , FEI, USA) and SEM (JSM-6701F, Jeol, Japan). The crystal structures of the synthesized materials were determined using XRD (X' Pert PRO, PANalytical B.V., NLD). FT-IR spectra of the prepared NPs were obtained using a FT-IR spectrometer (NEXUS 670, Nicolet, USA). Surface areas of the samples were determined by BET analysis (TriStar II 3020, Micromeritics, USA). The charge of material was measured using a zeta potential instrument (Zetasizernano 3600, Malvern Instruments Ltd., UK). The concentrations of solution were measured using a UV-Vis spectrophotometer (EVO300 PC, Thermo Fisher Scientific, USA). Adsorption was carried out in a thermostatic oscillator (THZ-100, Shanghai YiHeng Scientific Instruments Co., Ltd, China).
Adsorption experiments
The stock solutions of CV and MG (1.0 g·L -1 ) were prepared by dissolving CV and MG in deionized water and diluted to appropriate concentrations. Adsorption was carried out as follows: 5 mg of NH 2 -MIL-53(Al)@ PDA NPs was dispersed in 10 mL of CV or MG solutions at different concentrations from 10 to 60 mg·L -1 . Then, the solution was shaken in thermostatic oscillators at 250 rpm and constant temperatures of 288.15, 298.15, and 308.15 K. To evaluate the effect of pH on the removal of CV and MG from aqueous solutions, the pH of the solution was maintained from 4.0 to 10.0 using certain amounts of dilute HCl and NaOH solutions. After the adsorption, the solution was obtained by filtrating through a syringe filter (Sangchen, hydrophobic, 0.22 µm) and measured using a UV-Vis spectrophotometer at 578 and 612 nm for CV and MG, respectively. Each experiment was conducted with three parallel samples. The adsorbents were recycled by washing thoroughly with ethanol. The flow chart of experimental procedure is shown in Fig. 2 .
The adsorption performances of NH 2 -MIL-53(Al)@PDA NPs for CV and MG were studied from adsorption quantity (q e ) and removal efficiency, which can be calculated using the following equations:
where q e (mg·g -1 ) is the quantity of dye adsorbed on the adsorbents; C 0 and C e (mg·L 
Results and discussion
Characterization of adsorbents
The XRD spectral analysis shows the crystal structure of NH 2 -MIL-53(Al) and NH 2 -MIL-53(Al)@PDA NPs. The XRD patterns of NH 2 -MIL-53(Al) and NH 2 -MIL-53(Al)@ PDA NPs are shown in Fig. 3 . As shown in Fig. 3a , all the diffraction peaks were consistent with the standard data of crystalline NH 2 -MIL-53(Al) as reported previously [40, 41] . This indicates that the crystals of NH 2 -MIL-53(Al) were synthesized successfully. The strengthening peak signals of NH 2 -MIL-53(Al) might be induced by the residual water molecules in the pore with a weak coordination with skeleton [41] . For NH 2 -MIL-53(Al)@PDA NPs (Fig. 3b) , the typical diffraction angles were 9.24°, 12.33°, 17.65°, 24.85°, and 27.03° corresponding with NH 2 -MIL-53(Al) nanomaterials. This indicates that NH 2 -MIL-53(Al)@PDA NPs still had a crystal structure after modifying with PDA.
The FT-IR spectra were used to identify the functional groups of NH 2 -MIL-53(Al) and NH 2 -MIL-53(Al)@PDA NPs. For NH 2 -MIL-53(Al) (Fig. 4a) , the strong adsorption peak at 777.4 cm -1 was assigned to the -CH stretching vibration of benzene ring. The absorption bands at 1256.7 cm -1 and 1336.5 cm -1 were attributed to -C-N(NH 2 ) stretching vibrations [41] . The peak centered on 1441.9 cm -1 was assigned to the symmetrical stretching vibration of carbonyl group. The peak appearing at 1494.9 cm -1 can be assigned to the dissymmetrical stretching vibration of carbonyl group coordinated with Al 3+ . The adsorption peak at 1671.2 cm -1 might be the result of carbonyl group of DMF molecules adhered to the channels [42] . After coating with PDA as shown in Fig. 4b 
Effect of pH
The initial pH of CV and MG solutions is an important parameter, controlling the adsorption, particularly the removal efficiency. Fig. 6a shows the effect of solution pH on the adsorption of CV and MG with NH 2 -MIL-53(Al)@ PDA NPs at 298.15 K. As shown in Fig. 6a , the adsorption quantity and removal efficiency first increased with the increase in pH from 4.0 to 8.0 for MG and then decreased from 8.0 to 9.0. At pH 8.0, the maximum adsorption quantity and removal efficiency for MG were 51.11 mg·g -1 and 85.66%, respectively. However, for CV, the adsorption capacity increased in the pH range from 4.0 to 10.0. Thus, pH 10.0 was selected as the best condition for the adsorption of CV. The maximum adsorption quantity and removal efficiency for CV were 55.72 mg·g -1 and 92.86%, respectively. As members of common cationic synthetic dyes, CV and MG might have a strong electrostatic attraction with the hydroxyl groups on the surface of NH 2 -MIL-53(Al)@ PDA NPs. This pH range was mainly selected because of the dye reagent which might be converted to other compounds, and because the structure of NH 2 -MIL-53(Al)@ PDA NPs may collapse when pH is above 9.0 and 10.0 for CV and MG, respectively. The tendency of MG and CV adsorption can be explained by the zeta potential of NH 2 -MIL-53(Al)@PDA NPs. Zeta potential reflects the charge on the surface of adsorbent at different pH. At pH PZC (point of zero charge), the surface charge is zero, often used to quantify the charge characteristics of an adsorbent surface [44] . When pH > pH PZC , the surface charge is negative. The surface charge becomes positive when pH < pH PZC [45] . As shown in Fig. 6b , the surface charge of NH 2 -MIL-53(Al)@PDA NPs changed from positive to negative with pH ranging from 2.0 to 10.0. The pH PZC was obtained with pH 5.0-6.0. As reported, the pKa values of CV and MG were 9.4 and 6.9 at 298.15 K, respectively [46] . For CV, the surface charge of CV molecule was positive with pH of 4.0-9.0. Therefore, the removal efficiency increased, mainly because of the constantly strengthened electrostatic interaction between CV and NH 2 -MIL-53(Al)@PDA NPs. At pH 10.0, both the molecular surfaces of NH 2 -MIL-53(Al)@PDA and CV were full of negative charges. This should exhibit strong electrostatic repulsion, but the removal efficiency reaches the maximum. This indicates the existence of other reaction mechanisms besides electrostatic reaction. For MG, the charge of MG surface was positive with pH of 4.0-6.9. As a result, the removal efficiency gradually increased, mainly due to the electrostatic interaction. Both MG and NH 2 -MIL-53(Al)@PDA NPs surface had a negative charge with pH > 6.9. This indicates that some other processes could control the adsorption, such as hydrogen bonding interaction and π-π interactions. Fig. 7 shows the effect of contact time on the adsorption of CV and MG with NH 2 -MIL-53(Al)@PDA NPs at 298.15 K. As shown in Fig. 7 , the removal efficiency of CV and MG rapidly increased within 100 min. The optimal removal efficiencies of 90.67% for CV and 67.68% for MG were achieved at 100 min. Subsequently, the removal efficiency had no obvious change with the increase in contact time from 100 min to 600 min. In the beginning, rapid adsorption occurs because of large quantities of active sites on the surface of NH 2 -MIL-53(Al)@PDA NPs. With the increase in adsorption time, more and more active sites are gradually occupied by dye pollutants, leading to slower adsorption of CV and MG.
Effect of contact time and adsorption kinetics
The adsorption kinetics can help to explore whether the adsorption mechanism is chemical adsorption and polyphase catalysis. Pseudo-first-order and pseudo-second-order kinetic models were applied to elucidate the adsorption mechanism. The equations of these two kinetic models are as follows [47, 48] -1 for CV and MG, respectively. Therefore, the adsorption of CV and MG follows the pseudo-second-order kinetic model. It is assumed that the adsorption mechanism and rate limiting step are mainly chemisorption. Because of the presence of amino and catechol groups on the surface of NH 2 -MIL-53(Al)@PDA NPs, hydrogen bonding or electron exchange is possible with the dimethylamino and other groups on dye pollutions.
Adsorption isotherms
Adsorption isotherms reflect the adsorption capacity that varies with the equilibrium concentration at a certain temperature. As shown in Fig. 8 , the adsorption quantity of CV (a) and MG (b) increased with the initial concentration increasing at the same temperature. The adsorption quantity of CV and MG also increased with the temperature increasing at the same initial concentration. Langmuir, Freundlich, and Temkin isotherms were used to evaluate the properties of adsorbent surface and adsorption behaviors. The equations of the three isotherms are as follows [48] [49] [50] .
where q e (mg·g -1 ) is the adsorption quantity at the equilibrium time, taken as 100 min in this study; q m (mg·g (8) is the equilibrium binding constant corresponding to the maximum binding energy; B is the heat of adsorption. K F and n can be calculated from the intercept and slope of the linearized plot of ln q e vs. ln C e , respectively.
The adsorption constants and correlation coefficients (R 2 ) of Langmuir, Freundlich, and Temkin at different temperatures are shown in Freundlich isotherm is based on an empirical equation assuming that the adsorption system can be monolayer and multilayer. Moreover, the adsorption occurs on a heterogeneous surface [36] . Therefore, both chemical and physical adsorption should be considered for CV and MG adsorption. Considering different temperatures, the values of 1/n in CV and MG adsorption were all less than 1 and decreased with the temperature increasing. This phenomenon indicated that the adsorption was more favorable with the temperature increasing [48] . The results illustrated that the adsorption was endothermic.
Adsorption thermodynamics
To understand the extent and driving force of adsorption process on NH 2 -MIL-53(Al)@PDA, adsorption free energy (ΔGº), standard enthalpy (ΔHº), and standard entropy (ΔSº) were used to calculate the adsorption of CV and MG at 288.15, 298.15, and 308.15 K. The adsorption was achieved by adding 5 mg of NH 2 -MIL-53(Al)@PDA NPs to 10 mL of CV or MG solution with a concentration of 30 mg·L -1 . The relationships between ΔGº, ΔHº, and ΔSº can be defined as follows [44, 51] .
where q e (mg·g -1 ) is the adsorption quantity at the equilibrium time. C e (mg·L -1 ) is the concentration of the dye solution at equilibrium time; T (K) is the absolute temperature of solution; R is the ideal gas constant (8. ; V: 10 mL; T: 288.15, 298.15, and 308.15 K; t: 100 min for CV and MG, respectively.) The values of thermodynamic constants for the adsorption of CV and MG on NH 2 -MIL-53(Al)@PDA NPs are shown in Table 3 . According to [52] , when ΔGº is negative, the adsorption can be spontaneous. The value of ΔGº between -80 and -400 kJ·mol -1 or -20 and 0 kJ·mol -1 indicates that the adsorption can be either chemical or physical adsorption. As shown in Table 4 , the value of ΔGº ranges from -6.750 to -8.497 kJ·mol -1 and from -5.243 to -7.939 kJ·mol -1 for CV and MG, respectively, indicating that the adsorption was spontaneous and irreversible. The absolute values of ΔGº gradually increased with the increase in temperature, indicating that a higher temperature strengthens the spontaneous adsorption process. The result shows that physical adsorption is the main driving force in the first adsorption process. As shown in Table 3 -1 ·K -1 for CV and MG adsorption, respectively, suggesting that the adsorption is associated with entropy increase.
Ionic strength
An increase in ionic strength of solution affects the removal efficiency of NH 2 -MIL-53(Al)@PDA NPs. Fig. 9 shows the effect of ionic strength on the adsorption of CV and MG on NH 2 -MIL-53(Al)@PDA NPs by a NaCl solution. As shown in Fig. 9 , the removal rates reached the maximum value at 89.02% and 72.55% for CV and MG adsorption without NaCl in the solution, respectively. Then, the adsorption efficiency for CV and MG gradually decreased with the increase in NaCl concentration from 0.0 to 0.2 mol L -1
. Compared with CV, the removal efficiency of MG decreased significantly. This can be attributed to the thinning of electrical double layer with increasing concentration of NaCl. Except that, the equilibrium charge ions surrounding the available active sites with opposite charges resulted in a charge neutralization. Therefore, the electrostatic interaction between dye pollutants and NH 2 -MIL-53(Al)@PDA NPs weakened with increasing concentration of NaCl.
Regenerability of NH 2 -MIL-53(Al)@PDA NPs
Reusability reflects the stability of NH 2 -MIL-53(Al)@ PDA NPs. The results of five consecutive adsorption-desorption cycles are shown in Fig. 10 . Ethanol was selected as the desorption solvent to evaluate the regeneration and reusability of NH 2 -MIL-53(Al)@PDA. Initially, the removal efficiencies of CV and MG solution were 83.66% and 80.02%, respectively. As shown in Fig. 10 , the removal efficiency did not significantly change in the following three cycles because of its stable structure. ; V: 10 mL; T: 298.15 K; t: 100 min; NaCl concentration: 0.0-0.2 mol·L -1 for CV and MG, respectively.)
Comparison of adsorption effect between NH 2 -MIL-53(Al) and NH 2 -MIL-53(Al)@PDA NPs
The removal rates of CV and MG on NH 2 -MIL-53(Al) and NH 2 -MIL-53(Al)@PDA NPs under the optimal conditions are shown in Fig. 11 . As shown in Fig. 11 , the adsorption efficiency of NH 2 -MIL-53(Al)@PDA NPs significantly increased compared with NH 2 -MIL-53(Al). For CV and MG, the removal efficiencies were 62.34% and 82.24% on NH 2 -MIL-53(Al). However, the removal efficiency increased to 90.51% and 92.37% with NH 2 -MIL-53(Al)@ PDA NPs. This result shows that the modification of PDA on NH 2 -MIL-53(Al) improved the removal efficiency of dye pollutants.
Adsorption mechanism
As mentioned above, the adsorption is associated with multiple reaction mechanisms. First, NH 2 -MIL-53(Al) had a breathing effect as reported;this might affect the removal efficiency [33] , can be attributed to the two structures of NH 2 -MIL-53(Al), namely, narrow-pore and large-pore structures. The former has a smaller cell and pore volume; the latter has larger and more open pores. When adsorbing CV and MG, the narrow-pore structure is switched to the large-pore structure by changing the shape of original structure to increase coverage. Second, the zeta potential of NH 2 -MIL-53(Al)@PDA, showed that the surface of adsorbent was negative at pH 6.0-10.0, promoting the electrostatic interaction between NH 2 -MIL-53(Al)@PDA NPs and cationic dye pollutants. Third, aggregation of PDA enables the surface of NH 2 -MIL-53(Al)@PDA NPs to contain many hydroxyl groups, thus increasing the binding sites with dye pollutions [53] . Moreover, NH 2 -MIL-53(Al)@PDA NPs are combined with dimethylamino groups through hydrogen bonding. Fourth, the structures of both CV and MG contain aromatic rings. NH 2 -MIL-53(Al)@PDA NPs also contain abundant aromatic backbone, inducing π-π interactions between dye molecules and adsorbent [54] . Finally, as shown in Fig. 11 , under the optimal conditions, the removal efficiency of MG was better than CV with NH 2 -MIL-53(Al)@PDA NPs as the adsorbing material. This can be attributed to the different steric effects of CV and MG. The molecular size of CV (13.90-14.32 Å) is larger than MG (11.57-14.32 Å), as calculated by ChemDraw. Therefore, MG could be captured easily by NH 2 -MIL-53(Al)@ PDA NPs.
Conclusions
In summary, NH 2 -MIL-53(Al)@PDA NPs were successfully synthesized following an in-situ polymerization method. The prepared NH 2 -MIL-53(Al)@PDA NPs with a high removal efficiency were used to successfully adsorb CV and MG from aqueous solutions. Under the optimal adsorption conditions, the removal efficiency reached 90.51% and 92.37% for CV and MG, respectively. The adsorption kinetics and isotherms were determined as the pseudo-second-order kinetic model and Freundlich isotherm, respectively. The calculated Gibbs free energy showed that the adsorption was spontaneous and irreversible. The estimated entropy change showed that the adsorption was endothermic. Electrostatic, hydrogen bonding, and π-π interactions were the main interactions occurring between NH 2 -MIL-53(Al)@PDA NPs and dye pollutants. The removal efficiency did not change significantly after reuse for five times. 
